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HIGHLIGHTS 


►  A1203-HGS  composite  seals  were  prepared  by  tape-casting. 

►  Leakage  was  tested  at  various  temperatures,  N2  pressures  and  compressive  loads. 

►  Thermal  cycle  sealing  performance  of  AG50  was  evaluated  between  200  and  750  °C. 

►  Single  cell  was  tested  at  750  °C  with  H2  fuel,  air  oxidant  and  AG50  seal. 
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AI2O3— glass  composite  seals  are  fabricated  by  tape  casting  AI2O3  and  HGS  glass  powder  mixtures  with 
glass  contents  ranging  from  20  to  60  wt%.  Their  leaking  performance  is  evaluated  for  various  temper¬ 
atures,  gas  pressures  and  compressive  loads.  The  seal  with  optimized  glass  content  is  subjected  to 
thermal  cycling  and  single-cell  tests  to  investigate  the  viability  of  the  seal.  The  sealing  performance  of  the 
seal  is  significantly  improved  by  increasing  the  glass  content  in  the  composite  seal;  the  seal  containing 
50  wt%  glass  (AG50)  shows  the  best  sealing  performance  among  the  studied  compositions.  Increasing  the 
testing  gas  pressure  or  decreasing  the  testing  temperature  and  compressive  load  increase  the  leak  rate  of 
the  seal.  After  25  thermal  cycles  between  750  and  200  °C,  the  leak  rate  of  the  AG50  seal  is  still  below 
0.021  seem  cm-1  under  the  conditions  of  750  °C,  a  compressive  load  of  0.12  MPa  and  a  testing  gas 
pressure  of  3.5  kPa  to  10.5  kPa.  Using  the  AG50  seal,  a  high  open  circuit  voltage  of  above  1.16  V  after  6 
thermal  cycles  is  achieved  for  a  10  x  10  cm2  anode-supported  single  cell  (active  area  of  9  x  9  cm2), 
which  demonstrates  the  applicability  of  the  AG50  seal  in  practical  SOFC  operations. 

©  2012  Elsevier  B.V.  All  rights  reserved. 


1.  Introduction 

Solid  oxide  fuel  cells  (SOFCs)  are  a  promising  electrochemical 
device  that  generates  electrical  power  in  an  efficient  and  environ¬ 
mentally  friendly  manner  by  converting  chemical  energy  in  fossil 
or  hydrocarbon  fuels.  Planar  intermediate-temperature  SOFCs  have 
attracted  much  attention  in  the  past  decade  because  their  charac¬ 
teristically  lower  operating  temperature  reduces  manufacturing/ 
maintenance  costs  and  allows  the  use  of  metallic  interconnects.  In 
planar  SOFCs,  the  seal  is  a  crucial  component  located  between  the 
planar  cell  and  the  metallic  interconnect  in  a  stack  that  prevents  the 
mixing  of  fuel  and  oxidant  gases.  Thus,  in  addition  to  the  required 
sealing  performance,  the  sealing  materials  also  must  be  chemically 
stable,  electrically  insulating,  and  chemically  and  thermally 
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compatible  with  the  contacted  components  in  both  oxidizing  and 
reducing  dual  environments.  With  the  growing  interest  in  SOFCs  as 
a  sustainable  source  of  energy,  significant  efforts  have  been  made  to 
develop  sealing  materials  [1—5],  which  are  mechanistically  classi¬ 
fied  into  two  types:  rigid  and  compressive  seals  [6-8]. 

Materials  for  rigid  seals  are  usually  glasses  or  dense  glass- 
ceramics  [9],  which  “glue”  the  components  together  by  forming 
a  rigid  bond  and  provide  hermetic  sealing.  Above  the  glass  soft¬ 
ening  temperature,  they  soften  and  flow  to  form  an  intimate 
contact  with  surface  of  the  components  to  be  sealed  and  maintain 
the  sealing  performance.  However,  they  harden  and  tend  to  detach 
from  sealing  surfaces  or  crack  if  their  coefficient  of  thermal 
expansion  (CTE)  differs  from  those  of  the  contacting  components. 
Therefore,  the  CTE  of  the  rigid  sealing  materials  must  be  carefully 
tailored  by  optimizing  their  composition  [10,11  ].  Furthermore,  glass 
materials  are  brittle  in  nature  and  susceptible  to  fracturing  under 
tensile  stresses,  which  may  damage  the  integrity  of  the  seal  and 
compromise  its  sealing  performance  during  long-term  operations, 
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especially  thermal  cycles  [12,13].  Nevertheless,  glass  sealing 
materials  possess  a  unique  self-healing  capability  [13-16];  tiny 
cracks  formed  during  thermal  cycles  can  self-heal  at  SOFC  oper¬ 
ating  temperatures,  recovering  the  mechanical  properties  and 
sealing  performance  of  the  seal.  This  self-healing  feature  is  desired 
for  rigid  seals  to  improve  sealing  performance  during  thermal 
cycling  [17-19]. 

Compressive  seals  function  under  an  external  compressive  load 
that  is  vertically  applied  across  the  sealing  surfaces.  The  seal  is  not 
rigidly  bonded  to  the  contacting  surfaces;  therefore,  the  thermal 
expansion  coefficients  for  the  seal  and  the  contacting  components 
may  differ,  which  is  a  unique  advantage  of  the  compressive  seal. 
Sang  et  al.  [20]  and  Dai  et  al.  [21]  have  developed  Al203-based 
compressive  seals,  which  are  made  from  highly  inert  AI2O3  powder 
containing  Al  additives  by  low-cost  tape  casting  technology.  Such 
compressive  seals  have  shown  adequate  sealing  performance  and 
excellent  thermal  cycling  capability  and  do  not  react  with  the 
contacting  components.  However,  their  mechanical  strength  is 
a  potential  issue,  as  the  seals  are  basically  a  closely  packed  powder 
bed  without  sintering  at  intermediate  temperatures.  In  addition, 
the  sealing  interface  tends  to  be  leaking  if  the  stack  components  are 
not  perfectly  flat,  causing  a  non-uniform  loading  on  the  entire  seal. 
To  combine  the  advantages  of  both  rigid  and  compressive  seals 
while  avoiding  their  individual  disadvantages,  Ye  et  al.  [22]  devel¬ 
oped  a  glass-based  composite  seal  that  contained  30  wt%  fine  AI2O3 
powder  and  70  wt%  glass  powder.  The  seal  demonstrated  a  thermal 
cycle  leakage  below  0.01  seem  cm-1  under  a  compressive  load  of 
0.14  MPa  at  750  °C.  However,  the  extremely  high  glass  content  in 
this  seal  may  result  in  excessive  shrinkage,  which  in  turn  may  lead 
to  failure  when  the  applied  load  on  the  seal  is  not  adequately 
uniform.  Ideally,  the  glass  component  should  be  flowable, 
compressible  and  self-healing  at  the  operating  temperature,  with 
the  AI2O3  component  acting  as  a  backbone  to  prevent  excessive 
glass  shrinkage  and  seal  fracture  upon  cooling.  With  increasing 
glass  content  in  the  composite  seal,  the  seal  may  gradually  evolve 
from  a  compressive-  to  a  rigid-type  seal.  The  purpose  of  this  study 
is  to  optimize  the  composition  of  the  composite  seal  by  investi¬ 
gating  the  effects  of  various  Al203-to-glass  weight  ratios  (above 
30:70)  on  leak  rate,  microstructure,  thermal  cycling  capability, 
compressibility,  compatibility  and  performance  in  a  single-cell  test. 

2.  Experimental 

2.1  Seal  preparation 

Powder  mixtures  of  AI2O3  from  Almatis  and  glass  (HGS)  from 
New  Hua  Guang  were  employed  for  the  fabrication  of  the  glass- 
ceramic  composite  seals  by  tape  casting.  The  molar  composition 
of  the  glass  is  approximately  8.6%  B203-12.9%  BaO-21.2%  MgO- 
13.6%  ZnO-43.7%  Si02,  and  the  glass  transition  temperature  Tg  is 
approximately  680  °C.  The  original  average  particle  sizes  of  the 
AI2O3  and  HGS  glass  powder  are  approximately  1.2  and  22.8  pm, 
respectively,  as  determined  by  a  laser  particle  size  analyzer  (JL- 
1155,  Chengdu  Jingxin  Powder  Testing,  China).  After  ball  milling  for 
24  h,  the  difference  in  particle  size  of  the  AI2O3  and  HGS  glass 
powder  becomes  much  smaller  (Fig.  1),  which  will  facilitate  the 
tape  casting  process.  By  following  previously  described  procedures 
[20-22],  slurries  of  the  powder  mixture  were  prepared  and  tape 
cast  using  an  alcohol  and  xylene  mixture  as  the  solvent,  Menhaden 
fish  oil  as  the  dispersant,  polyvinyl  butyral  as  the  binder  and  butyl 
benzyl  phthalate  as  the  plasticizer.  Square  window  frame  seal 
specimens  with  an  outside  dimension  of  7  x  7  cm  and  an  inside 
dimension  of  5  x  5  cm  were  cut  out  of  the  dried  tape  (0.4  mm  thick) 
for  the  leak  test.  The  Al203-to-HGS  weight  ratios  in  the  tape  were 
80:20,  70:30,  60:40,  50:50  and  40:60,  and  the  corresponding 


Fig.  1.  SEM  morphology  of  the  AI2O3-HGS  glass  powder  mixture  (weight  ratio  50:50) 
used  for  the  fabrication  of  composite  seals  by  tape  casting. 


specimens  were  designated  as  AG20,  AG30,  AG40,  AG50  and  AG60, 
respectively. 

2.2.  Sealing  performance  and  thermal  cycling  capability  evaluation 

To  evaluate  the  sealing  and  thermal  cycling  performance,  the 
prepared  window  frame  specimens  were  tested  in  the  leak  tester 
depicted  in  Reference  [20].  Clamped  between  two  SUS  430  stainless 
steel  plates  under  an  external  load,  the  specimen  was  program- 
mably  heated  in  a  furnace  to  the  testing  temperatures.  The  testing 
gas,  N2,  was  injected  into  the  empty  space  within  the  window 
frame  specimen  at  various  pressures  via  a  hole  at  the  center  of  the 
bottom  plate  using  a  precision  flow  meter  (Omega  Engineering, 
accuracy  of  0.001  seem),  which  indicates  the  leakage  of  the  spec¬ 
imen.  The  heating  program  was  chosen  according  to  the  results  of 
thermogravimetric  analysis  for  the  tape.  Thus,  the  window  frame 
specimen  was  heated  slowly  to  200  °C  at  1.5  °C  min-1,  where  it 
remained  for  60  min  to  allow  the  organic  additives  to  burn  out 
gradually.  The  specimen  was  then  further  heated  to  testing 
temperatures  of  700,  750  or  800  °C  at  2  °C  min-1.  The  leak  rate  was 
examined  at  various  N2  pressures  between  3.5  and  21  kPa  under 
different  compressive  loads  of  0.07,  0.12  and  0.17  MPa.  The  thermal 
cycling  was  carried  out  between  200  and  750  °C  under 
a  compressive  load  of  0.12  MPa  and  various  N2  pressures,  and  the 
leakage  at  200  and  750  °C  was  recorded  for  each  cycle.  The 
morphology  and  phases  of  the  post-test  specimens  were  examined 
by  scanning  electron  microscopy  (SEM,  Quanta  200)  and  X-ray 
diffraction  (XRD,  X’Pert  Pro). 

2.3.  Seal  compressibility 

At  the  operating  temperature,  the  glass  in  the  seal  is  expected  to 
be  capable  of  “flowing”  to  fill  the  pores  created  by  burnt-out 
organic  additives  and  self-heal  the  cracks  that  may  form  during 
thermal  cycles,  allowing  the  seal  to  conform  well  to  the  contours  of 
the  sealing  surfaces.  To  understand  the  deformability  or 
compressibility  of  the  seal  with  various  glass  contents,  it  was 
sandwiched  between  two  SUS  430  plates  (20  x  20  x  1  mm)  and 
compressed  under  a  compressive  load  of  0.12  MPa  at  room 
temperature  for  2  h  and  then  at  750  °C  for  another  2  h.  Neglecting 
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the  deformation  of  the  steel  plates,  the  compressibility  of  the  seal 
was  calculated  by  the  following  equation: 

^  Final  thickness  H2  -  Initial  thickness  Hi 

Compressibility  = - — .  .  .  . - — - - 

Original  thickness  H0 

(1) 

where  Ho  is  the  original  thickness  of  the  seal,  Hi  is  the  thickness  of 
the  “sandwich”  after  room  temperature  compression,  and  H2  is  the 
thickness  of  the  “sandwich”  after  compression  at  750  °C.  The 
heating  program  used  was  the  same  as  that  for  the  leak  test. 

2.4.  Interface  examination 

The  glass-ceramic  composite  seal  is  applied  in  a  planar  SOFC 
stack  between  the  metallic  interconnect  and  the  cell;  therefore, 
there  are  two  possible  leak  paths  associated  with  the  seal,  i.e., 
leaking  through  the  body  of  the  seal  and  leaking  through  the 
contact  interface.  The  interface  is  more  vulnerable  to  leaking,  and 
the  leaking  rate  through  the  interface  is  several  orders  of  magni¬ 
tude  higher  than  that  through  the  body  of  the  seal  [17,23],  which 
implies  the  importance  of  the  interface  in  the  sealing  performance. 
To  simulate  the  performance  of  the  seal  in  a  SOFC  stack,  the  seal 
was  placed  between  a  SUS  430  plate  (20  x  20  x  1  mm)  and  a  piece 
of  anode-supported  cell  and  then  heated  at  750  °C  under 
a  compressive  load  of  0.12  MPa  for  2  h.  The  interfaces  after  the  test 
were  examined  by  SEM. 

2.5.  Seal  evaluation  in  single-cell  test 

For  the  single-cell  test,  square  window  frame  specimens  with 
a  periphery  dimension  of  10  x  10  cm  and  a  width  of  1  cm  were 
prepared  for  sealing  on  both  the  anode  and  cathode  sides  of  the 
cell.  The  testing  jig  was  made  of  SUS  430  stainless  steel  plates  with 
gas  distribution  channels;  and  a  cell  with  an  active  area  of  9  x  9  cm2 
was  fabricated  in-house.  The  cell  test  was  conducted  at  750  °C 
under  a  compressive  load  of  0.10  MPa  using  pure  H2  as  the  fuel  and 
air  as  the  oxidant;  the  power  curve  and  thermally  cycled  durability 
performance  were  obtained  from  the  test. 

3.  Results  and  discussion 

The  leak  rates  of  the  prepared  seals  (AG20  to  AG60)  were 
measured  at  N2  pressures  between  3.5  and  21  kPa  and  temper¬ 
atures  of  700,  750  and  800  °C  under  different  compressive  loads 
of  0.07,  0.12  and  0.17  MPa  at  750  °C  in  air.  The  leak  performance 
of  the  seal  was  affected  by  all  of  these  parameters.  Fig.  2  shows 
the  leak  performance  variation  of  each  specimen  with  N2  pres¬ 
sure  under  a  constant  compressive  load  of  0.12  MPa,  which 
indicates  that  the  leak  rate  of  the  seal  decreased  as  the  glass 
content  increased  and  the  N2  pressure  decreased.  For  glass 
contents  below  50  wt%,  the  leak  performance  of  the  seal  was 
equivalent  to  or  worse  than  that  of  the  Al2O3-30  wt%  Al 
composite  seal  [20].  However,  for  glass  contents  at  or  above 
50  wt%,  the  leakage  dropped  significantly  to  below 
0.008  seem  cm-1  and  was  barely  affected  by  the  N2  pressure. 
Fig.  3  presents  the  cross-sectional  microstructure  of  the  frame 
seals  with  various  glass  contents  after  the  leak  test.  The  seal  was 
gradually  densified  with  the  increase  in  glass  content  by  the 
coalescence  of  glass  particles  and  glass  encapsulation  of  Al203 
particles.  In  the  AG20,  AG30  and  AG40  seals,  the  glass  particles 
were  not  fully  coalesced  and  the  Al203  particles  were  not 
completely  encapsulated  due  to  the  insufficient  glass  content. 
However,  in  the  AG50  and  AG60  seals,  pores  were  barely 
observable,  which  explains  the  extremely  low  leakage  observed. 


Fig.  2.  Dependence  of  the  leak  rate  on  the  N2  gas  pressure  for  tape-cast  Al203-glass 
composite  seals  with  various  glass  contents  at  750  °C  and  a  0.12  MPa  compressive  load. 

Tg  of  this  glass  is  approximately  680  °C;  thus,  it  is  expected  to 
become  soft  and  flowing  at  the  testing  temperature  of  750  °C, 
allowing  it  to  eliminate  the  pores  in  the  compressed  seal.  The 
compressibility  of  the  prepared  seals  at  750  °C  is  demonstrated 
in  Fig.  4,  which  confirms  that  the  AG50  and  AG60  seals  were 
highly  compressible  at  the  testing  temperature  due  to  the  soft¬ 
ness  and  flowability  of  the  glass. 

The  above  results  indicate  that  the  higher  the  glass  content  in 
the  seal,  the  better  the  sealing  performance  is.  Nevertheless,  seal 
breakage  tends  to  occur  when  the  glass  content  in  the  seal  is 
high.  The  cast  tape  seal  is  porous  after  debindering  and  densities 
in  situ  during  operation;  it  is  also  prone  to  breaking  in  a  SOFC 
stack  when  the  applied  compressive  load  is  not  perfectly 
uniform. 

To  clarify  whether  such  seal  breakages  may  occur  under  the 
operating  conditions  normally  applied  to  the  stack,  further 
measurements  were  made  using  the  AG50  seal,  which  was 
considered  to  have  the  optimal  composition  among  the  seals 
studied.  Fig.  5  shows  the  leak  rate  of  the  AG50  seal  under  various 
operating  conditions  with  temperatures  varying  from  700  to 
800  °C,  N2  pressures  from  3.5  to  21  kPa  and  compressive  loads  from 
0.07  to  0.17  MPa.  These  parameter  ranges  cover  the  operating 
conditions  of  a  typical  planar  intermediate-temperature  SOFC 
stack.  The  results  indicate  that  the  leak  rate  at  constant  N2  pressure 
decreased  as  the  operating  temperature  increased  from  700  to 
800  °C  (Fig.  5a)  and  the  compressive  load  increased  from  0.07  to 
0.17  MPa  (Fig.  5b).  The  leak  rate  increased  as  the  N2  pressure 
increased  from  3.5  to  21  kPa  at  constant  temperature  and 
compressive  load.  The  highest  leak  rate  was  observed  under 
conditions  of  700  °C  and  a  0.12  MPa  compressive  load;  however,  it 
was  only  0.016  seem  cm-1,  which  was  far  below  the  conventional 
requirement  for  a  seal  used  in  intermediate-temperature  SOFC 
stacks.  To  further  understand  the  sealing  performance  of  the  AG50 
seal,  it  was  thermally  cycled  between  200  and  750  °C  for  up  to  25 
cycles,  which  is  more  than  the  conventionally  required  number  of 
thermal  cycles  for  stationary  SOFC  stacks.  Fig.  6  shows  the  leak  rate 
of  AG50  seal  after  each  thermal  cycle  under  the  most  frequently 
used  stack  operating  condition  of  750  °C,  a  gas  pressure  of  3.5— 
10.5  kPa  and  a  0.12  MPa  compressive  load.  The  leak  rate 
increased  moderately  with  the  number  of  thermal  cycles  due  to 
thermal  strain  accumulation;  however,  the  highest  leak  rate  was 
still  only  0.021  seem  cm-1,  which  was  far  below  the  well- 
accepted  level  of  0.040  seem  cm-1  and  demonstrated  the 
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Fig.  3.  SEM  microstructure  of  A1203-HGS  glass  composite  seals  after  leak  testing  at  750  °C,  a  0.12  MPa  compressive  load  and  N2  gas  pressures  ranging  from  3.5  to  21  kPa:  a)  AG20,  b) 
AG30,  c)  AG40,  d)  AG50  and  e)  AG60. 


excellent  thermal  cycling  capability  of  the  AG50  seal.  Fig.  7  displays 
the  XRD  patterns  of  the  AG50  seals  leak-tested  at  700,  750  and 
800  °C  for  2  h  and  the  XRD  pattern  of  the  AG50  seal  thermally 
cycled  between  200  and  750  °C.  The  glass  phase  was  stable  at 
700  °C,  but  it  reacted  with  AI2O3  to  form  BaA^SbOg  and  crystallized 
(indicated  by  the  small,  unidentified  peaks)  at  or  above  750  °C. 
However,  the  phase  change  in  the  AG50  seal  did  not  degrade  its 
sealing  performance  beyond  acceptance. 

To  prove  its  viability  in  the  cell  application,  the  AD50  seal  was 
adopted  in  the  performance  testing  of  a  10  x  10  cm2  single  cell 
(active  area  of  9  x  9  cm2)  at  750  °C  as  described  in  detail  above.  The 
power  and  I-V  curves  of  the  cell  revealed  a  high  open  circuit 
voltage  (OCV)  of  ~  1.18  V  and  a  high  power  density  of  745  mW  cm-2 
at  988  mA  cm-2  (Fig.  8).  Furthermore,  this  cell  was  thermally  cycled 


6  times  between  750  and  200  °C  over  more  than  100  h  of  testing,  in 
which  the  OCV  varied  between  1.16  and  1.19  V,  and  the  cell 
performance  at  500  mA  cm-2  decreased  slightly  from  0.864  V  to 
0.794  V  (Fig.  9).  These  high  thermally  cycled  OCVs  suggest  that  the 
AG50  seal  is  thermally  cyclable  and  suitable  for  SOFC  applications. 
Fig.  10  exhibits  SEM  micrographs  of  the  interfaces  of  AG50  seal/SUS 
430  stainless  steel  plates  (simulating  the  interconnect)  and  AG50 
seal/anode  support  (NiO-YSZ)  after  2  h  at  750  °C.  The  AG50  seal 
was  well  adhered  to  the  cell  and  the  “interconnect”  and  sealed  the 
primary  leak  path,  demonstrating  its  excellent  sealing  perfor¬ 
mance.  The  SUS  430  stainless  steel  was  slightly  oxidized,  which 
usually  leads  to  the  formation  of  an  oxide  scale  containing  Q2O3 
and  MnCr204  [24].  Thermal  cycling  may  cause  damage  on  the 
interface  due  to  some  mismatch  in  the  CTE  between  the  seal  and 
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Fig.  4.  Compressibility  of  the  composite  seals  with  various  glass  contents  tested  at 
750  °C  and  a  0.12  MPa  compressive  load. 


Fig.  5.  Dependence  of  sealing  performance  on  N2  gas  pressure  for  the  AG50  seal  tested 
for  a)  temperatures  ranging  from  700  to  800  °C  and  b)  compressive  loads  ranging  from 
0.07  to  0.17  MPa. 


Fig.  6.  Variation  of  leak  rate  of  the  AG50  seal  with  the  number  of  thermal  cycles. 
Thermal  cycling  was  conducted  between  200  and  750  °C,  and  the  leak  rate  was 
measured  after  each  cycle  at  750  °C  with  a  0.12  MPa  compressive  load  and  N2  gas 
pressures  ranging  from  3.5  to  10.5  kPa. 


20,  degrees 


Fig.  7.  XRD  patterns  of  the  AG50  seals  leak- tested  at  700,  750  and  800  °C  for  2  h  and 
thermally  cycled  between  200  and  750  °C,  showing  BaAl2Si208  formation  and  glass 
crystallization  at  750  °C  and  above. 
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Fig.  8.  I-V  and  power  curves  of  a  single  cell  tested  at  750  °C  using  H2  as  the  fuel,  air  as 
the  oxidant  and  AG50  as  the  seal. 
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Fig.  9.  Thermal  cycling  durability  of  a  single  cell  tested  using  H2  as  the  fuel,  air  as  the 
oxidant  and  AG50  as  the  seal. 


Fig.  10.  SEM  microstructure  of  interfaces  of  a)  AG50/SUS  430  interconnect  and  b) 
AG50/NiO-YSZ  anode.  The  specimens  were  treated  at  750  °C  for  2  h  in  air. 


the  components  or  oxide  scale,  resulting  in  a  gradual  increase  in  the 
leak  rate.  However,  the  damage  accumulated  over  6  thermal  cycles 
did  not  reach  the  extent  that  can  adversely  affect  the  OCV. 

4.  Conclusions 

Al203-glass  composite  seals  of  various  glass  contents  were 
fabricated  by  tape  casting,  and  their  leak  rates  were  measured 
under  different  temperatures,  gas  pressures  and  compressive  loads. 
The  seal  with  optimized  glass  content  was  subjected  to  thermal 
cycling  and  single-cell  tests  to  further  demonstrate  the  viability  of 
the  seal.  From  the  results  obtained,  the  following  conclusions  are 
drawn. 

1)  The  sealing  performance  is  improved  with  the  increase  of 
glass  content  in  the  composite  seal  due  to  the  coalescence  of 
glass  particles  and  the  glass  encapsulation  of  AI2O3  particles 
to  density  the  seal  microstructure.  The  optimized  composi¬ 
tion  for  the  seal  is  50  wt%  glass  (AG50),  which  presents  an 
extremely  low  leak  rate  and  avoids  the  possible  seal 
breakage  caused  by  microstructure  densification  upon 
operation. 

2)  Increasing  the  testing  gas  pressure  or  decreasing  the  testing 
temperature  and  compressive  load  increases  the  leak  rate  of 
the  AG50  seal;  however,  the  highest  leak  rate  measured 
(0.016  seem  cm-1)  is  far  below  the  conventionally  accepted 
level.  The  AG50  seal  can  withstand  at  least  25  thermal  cycles 
between  750  and  200  °C  without  exhibiting  dramatic  leaking 
performance  degradation. 

3)  Using  the  AG50  seal,  a  10  x  10  cm2  anode-supported  single  cell 
(active  area  of  9  x  9  cm2)  can  achieve  a  high  initial  OCV  of 

1.18  V.  Its  OCV  after  thermal  cycling  is  in  the  range  of  1.16  and 

1.19  V,  which  demonstrates  the  applicability  of  the  AG50  seal  in 
practical  SOFC  operations. 
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